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1114Objective: To assess the effects of annuloplasty rings on anterior mitral leaflet dimensions.
Methods: Sixteen radiopaquemarkerswere sutured evenly spaced over the surface of the anteriormitral leaflet in 57
sheep. The following rings were implanted in a releasable fashion: size 28-mm Cosgrove-Edwards band (Edwards
Lifesciences, Irvine, Calif) (n ¼ 11), rigid saddle-shaped annuloplasty ring (St Jude Medical Inc, St Paul, Minn)
(n ¼ 12), Carpentier-Edwards Physio (Edwards Lifesciences) (n ¼ 12), IMR-ETlogix (Edwards Lifesciences)
(n¼ 10), andGeoForm (Edwards Lifesciences) (n¼ 12). Under acute open chest conditions, 4-dimensionalmarker
coordinatesweremeasuredusingbiplane videofluoroscopywith the annuloplasty ring inserted and after annuloplasty
ring release. Septal-lateral and commissure-commissure dimensions were calculated from opposing marker pairs on
the septal-lateral and commissure-commissure aspect of the anterior mitral leaflet at end diastole and end systole. To
assess changes in anterior mitral leaflet shape, a ‘‘planarity index’’ was assessed by calculating the root mean square
values as distances of the 16 anterior mitral leaflet markers to a best fit anterior mitral leaflet plane at end systole.
Results: At end diastole, anterior mitral leaflet septal-lateral and commissure-commissure dimensions did not
change with the Cosgrove ring compared with control, whereas the rigid saddle-shaped annuloplasty ring and
Physio, IMR-ETlogix, and GeoForm rings reduced anterior mitral leaflet commissure-commissure but not
septal-lateral anterior mitral leaflet dimensions. At end systole, the septal-lateral anterior mitral leaflet dimension
was smaller with the IMR-ETlogix and GeoForm rings, but did not change with the Cosgrove ring, rigid saddle-
shaped annuloplasty ring, and Physio ring. Anterior mitral leaflet shape was unchanged in all 5 groups.
Conclusion:With no changes in anterior mitral leaflet planarity, the 4 complete, rigid rings (rigid saddle-shaped
annuloplasty ring, Physio, IMR-ETlogix, and GeoForm) reduced the anterior mitral leaflet commissure-
commissure dimension at end diastole. The IMR-ETlogix and GeoForm rings decreased the septal-lateral anterior
mitral leaflet dimension at end systole, probably as the result of inherent disproportionate downsizing. These
changes in anterior mitral leaflet geometry could perturb the stress patterns, which in theory may affect repair
durability. (J Thorac Cardiovasc Surg 2010;139:1114-22)Surgical mitral valve repair is the gold standard for the treat-
ment of mitral regurgitation1 and most commonly includes
the implantation of an annuloplasty ring. Annuloplasty rings
are available in various shapes with different material prop-
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The Journal of Thoracic and Cardiovascular Surloplasty ring for any individual patient are, however, still
the subject of debate: Some surgeons implant complete rigid
rings,2 whereas others prefer partial flexible bands only.3
The choice of the annuloplasty ring may directly affect pa-
tient outcome.4,5 Annuloplasty rings are sewn to the mitral
annulus (MA), a saddle-shaped and dynamic junctional
zone of fibrous and muscular tissue between the left atrium
and the left ventricle (LV).
Previous studies have shown that annuloplasty ring im-
plantation may abolish the dynamics of the MA and change
its dimensions and shape.6 Such alterations in MA geometry
and dynamics have been demonstrated to affect anterior mi-
tral leaflet (AML) curvature7 and increase AML strains,
which, in turn, have been associated with impaired mitral
valve repair durability.8 As a consequence, new annulo-
plasty rings have been introduced that aim to mimic the
physiologic MA shape, for example, the rigid saddle-
shaped annuloplasty ring (RSAR) (St Jude Medical Inc, St
Paul, Minn) and Medtronic Profile 3D ring (Medtronic
Inc, Minneapolis, Minn)9; however, the most commonly im-
planted rings are flat (Carpentier-Edwards Classic and
Physio, Edwards Lifesciences, Irvine, Calif). Furthermore,gery c May 2010
Abbreviations and Acronyms
AML ¼ anterior mitral leaflet
ED ¼ end diastole
ES ¼ end systole
LV ¼ left ventricle
MA ¼ mitral annulus
RMS ¼ root mean square
RSAR ¼ rigid saddle-shaped annuloplasty ring
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a disproportional reduction in the septal-lateral dimension
(eg, Edwards GeoForm and IMR-ETlogix, Edwards Life-
sciences) have been introduced, designed specifically for
the treatment of patients with functional/ischemic mitral re-
gurgitation with the rationale to restore a greater amount of
leaflet coaptation.10,11
It is reasonable to speculate that implantation of such dif-
ferently designed annuloplasty rings may affect not only the
geometry and dynamics of the MA heterogeneously but also
the dimensions and shape of the AML.
The recent introduction of 3-dimensional real-time echo-
cardiography allows more accurate tracking of anatomic
borders of the mitral valve complex12 and consequently
can estimate dimensions of AML andMA during the cardiac
cycle. Such changes in AML dimensions and shape may di-
rectly translate to leaflet strains and stresses and, thus, could
in theory impair long-term repair durability. The effects of
annuloplasty rings on mitral leaflet dimensions, however,
are currently unknown.
Our goal was to assess the effects of 5 annuloplasty rings
with different shapes (physiologic/nonphysiologic) and ma-
terial properties (flexible/semi-rigid/rigid) on AML and MA
dimensions and shape (planarity) in vivo in an experimental
ovine model using 4-dimensional radiopaque marker track-
ing. The annuloplasty rings were implanted in a releasable
fashion, that is, each animal served as its own control.MATERIAL AND METHODS
Annuloplasty Ring Preparation
To allow annuloplasty ring release in the beating heart, 5 different
rings—the flexible, partial Cosgrove-Edwards band (Edwards Lifescien-
ces), the RSAR, the semi-rigid Carpentier-Edwards Physio, the rigid
Edwards IMR-ETlogix, and the rigid Edwards GeoForm (Figure 1, B–F)
—were prepared before the operation in the following manner: The middle
part of 8 double-armed polyester braided sutures were stitched evenly
spaced around the ring through the fabric of the annuloplasty ring from
the bottom to the top side using a Spring Eye needle. The resulting loops
were ‘‘locked’’ with 2 polypropylene sutures. Two drawstring sutures
were attached to the ring.13
Surgical Preparation
Fifty-seven adult, Dorsett-hybrid, male sheep (49 4 kg) were premedi-
cated with ketamine (25 mg/kg intramuscularly), anesthetized with sodiumThe Journal of Thoracic and Carthiopental (6.8 mg/kg intravenously), intubated, and mechanically venti-
lated with inhalational isoflurane (1.0%–2.5%). All animals received hu-
mane care in compliance with the Principles of Laboratory Animal Care
formulated by the National Society of Medical Research and the Guide
for Care and Use of Laboratory Animals prepared by the National Academy
of Sciences and published by the National Institute of Health (DHEWNIHG
publication 85-23, revised 1985). This study was approved by the Stanford
Medical Center Laboratory Research Animal Review committee and
conducted according to Stanford University policy.
Through a left thoracotomy, 13 radiopaque markers were implanted to
silhouette the LV at the cross-section points of 2 equally spaced longitudinal
and 3 equatorial meridians as described earlier.14 By using cardiopulmonary
bypass and cardioplegic arrest, 16 radiopaque markers were sewn to theMA
and 16 markers were sewn to the AML (single tantalum loops, 0.6 mm inner
diameter, 1.1 mm outer diameter, 3.2 mg each). The annuloplasty ring was
implanted in a releasable fashion as follows: The 8 polyester sutures of the
ring were stitched equidistantly in a perpendicular direction from the
ventricular to the atrial side through the MA. The annuloplasty ring was
secured to the MA by tying these sutures. The ‘‘locking’’ polypropylene
sutures and the drawstrings were exteriorized, and the left atrium was
closed. All annuloplasty rings were ‘‘true-sized’’ by assessing the height
and the entire AML area. Because all animals had similarly sized leaflets,
all received size 28 rings. While intubated and anesthetized, the sheep
were immediately transferred with the chest open to the experimental
catheterization laboratory.
Data Acquisition and Analysis
Videofluoroscopic images (60 frames/sec) of all radiopaque markers
were acquired using biplane videofluoroscopy (Philips Medical Systems,
North America, Pleasanton, Calif). First, images were acquired with the
ring inserted (Cosgrove, RSAR, Physio, ETlogix, GeoForm). To acquire
a data set for a parallel study, acute LV ischemia was then induced by tight-
ening an encircling vessel loop around the circumflex branch of the left cor-
onary artery for 90 seconds. Thereafter, the locking sutures were pulled out
and the ring was lifted away from theMA toward the left atrial roof using the
drawstrings. After hemodynamic values returned to baseline, a third data ac-
quisition was performed and images were acquired with the ring released
(Cosgrove-Control, RSAR-Control, Physio-Control, ETlogix-Control,
GeoForm-Control).
Marker coordinates from 3 consecutive sinus rhythm heart beats from
each of the biplane views were then digitized and merged to yield the
time-resolved 3-dimensional coordinates of each marker centroid in each
frame using semiautomated image processing and digitization software.15,16
Electrocardiogram and analog left ventricular pressure were recorded in
real-time on the video images during data acquisition.
For each cardiac cycle, end systole (ES) was defined as the time frame
preceding maximum peak rate fall of the left ventricular pressure (dP/dt)
and end diastole (ED) was defined as the time frame containing the peak
of the R-wave on the electrocardiogram. Systolic dimension changes are
described as changes from ED to ES.
Hemodynamics
Instantaneous LV volumewas computed from the epicardial LVmarkers
using a space-filling multiple tetrahedral volume method.15 Hemodynamic
data were calculated from marker-derived instantaneous LV volumes and
analog LV pressures.
Anterior Mitral Leaflet and Mitral Annular
Dimensions
The septal-lateral MA dimension was calculated as the distance in 3-
dimensional space between markers (numbers 17 and 19; Figure 1, A),
and the commissure-commissure MA dimension was calculated as the dis-
tance between markers (numbers 18 and 20; Figure 1, A). The septal-lateraldiovascular Surgery c Volume 139, Number 5 1115
FIGURE 1. A, Schematic representation of the radiopaque marker array used in this study. B, Intraoperative photograph of the Cosgrove-Edwards band
(Edwards Lifesciences, Irvine, Calif; C, RSAR (St Jude Medical Inc, St Paul, Minn); D, Carpentier-Edwards Physio (Edwards Lifesciences); E, Edwards
IMR-ETlogix (Edwards Lifesciences); and F, Edwards GeoForm (Edwards Lifesciences) from a surgical view. AC, Anterior commissure; PC, posterior
commissure. *MA saddle horn.
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nearest the saddle horn (number 1, Figure 1, A) and the central free edge of
the AML (number 3, Figure 1,A). The commissure-commissure AMLdimen-
sion was calculated as the distance between the leaflet marker opposite to the
anterior and posterior commissure (numbers 2 and4, respectively,Figure1,A).
To determine the relative changes of native septal-lateral and
commissure-commissure MA dimensions with ring insertion, the percent-
age difference in MA dimensions between control state and ring state was
calculated at ED and ES as 100*(MA dimension in the ring state) – (MA
dimension in the control state)/MA dimension in the ring state.
Anterior Mitral Leaflet and Mitral Annulus Shape
To estimate changes in AML shape, a ‘‘planarity index’’ was assessed as
the root mean square (RMS) value of the distances from the 16 leaflet
markers to a best fit plane through the same 16 leaflet markers at ES as
xrms ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x2#1þx2#2$$$x2#16
16
s
where x describes the distance to the plane. To determine the planarity index
of the MA, we calculated the RMS values of the distances from the 16 MA
markers to a best fit plane through the same 16 annular markers at ES.1116 The Journal of Thoracic and Cardiovascular SurStatistical Analysis
Data are reported as mean  1 standard deviation unless otherwise
stated. Control data (Cosgrove-Control, RSAR-Control, Physio-Control,
ETlogix-Control, GeoForm-Control) and data with the respective ring in-
serted (Cosgrove, RSAR, Physio, ETlogix, GeoForm) were compared using
2-way repeated-measures analysis of variance with a Holm–Sidak post hoc
test. The RMS values of the AML and MA, with and without an annulo-
plasty ring inserted, were compared using 2-way repeated-measures analy-
sis of variance with a Holm–Sidak post hoc test (Sigmastat 3.5, Systat
Software, Inc, San Jose, Calif). A P value of less than .05 was considered
to be statistically significant.RESULTS
Hemodynamics
Table 1 summarizes the hemodynamics. No significant
differences were found between groups with respect to heart
rate, LV dP/dt (except for the Cosgrove, for which dP/dt was
slightly higher compared with control (1547  398 mm Hg/
sec vs 1366 331 mm Hg/sec, P<.05), and left ventricular
end-diastolic volume.gery c May 2010
TABLE 1. Hemodynamic data
Heart rate (min1) dP/dtmax (mm Hg/sec) LVEDV (mL) LVPmax (mm Hg)
Cosgrove (Edwards Lifesciences, Irvine, Calif) 96  12 1366  331 121  15 97  8
Control
Cosgrove 97  12 1547  398* 122  16 98  6
RSAR (St Jude Medical Inc, St Paul, Minn) 89  17 1283  409 121  22 101  9
Control
RSAR 89  15 1226  297 121  20 98  5
Physio (Edwards Lifesciences) 92  12 1307  333 124  21 95  8
Control
Physio 92  11 1348  338 124  24 95  6
ETlogix (Edwards Lifesciences) 82  6 1165  387 124  21 94  5
Control
ETlogix 81  10 1189  382 125  21 96  4
GeoForm (Edwards Lifesciences) 92  10 1313  315 114  14 96  8
Control
GeoForm 93  10 1388  410 113  13 97  7
dP/dt max, Maximum positive rate of change of left ventricular pressure; LVEDV, left ventricular end-diastolic volume; LVPmax, maximum left ventricular pressure; RSAR, rigid
saddle-shaped annuloplasty ring. Values are mean  1 standard deviation. *P< .05.
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Lateral Dimensions
Figure 2, A–E shows the septal-lateral dimensions of the
AML and MA of the 5 ring groups with the ring inserted
and after ring release at ED and ES. Although in the control
state the septal-lateral dimension of the AML did not change
fromED to ES in all 5 groups, the septal-lateral dimensions of
the MA decreased significantly from ED to ES in all ring
groups. Although annuloplasty ring implantation decreased
the MA septal-lateral dimensions at both ED and ES com-
pared with control, only the IMR-ETlogix and GeoForm re-
duced the septal-lateral AML dimension at ES compared
with the control state. The percentage reduction in the
septal-lateralMAdimension comparedwith controlwere sim-
ilar for theCosgrove, RSAR, and Physio at ED (12% 7%,
16% 8%, and18% 9%, respectively) andES (5%
7%,10%  7%, and12%  7%, respectively), whereas
the GeoForm decreased the MA septal-lateral dimensions to
a greater extent (ED:44%  8%, ES:33%  9%), fol-
lowed by the IMR-ETlogix (ED:33% 6%, ES:24%
8%). Whereas annuloplasty ring implantation abolished the
decrease in the MA septal-lateral dimension from ED to ES
for all groups, ring insertion did not affect the systolic changes
in the septal-lateral dimension of theAML for the control state
or with the Cosgrove, RSAR, IMR-ETlogix, and Physio rings
implanted.With the GeoForm implanted, the change of AML
septal-lateral dimension from ED to ES was significantly
greater compared with control.
Anterior Mitral Leaflet and Mitral Annular
Commissure-Commissure Dimensions
Figure 3, A–E shows the commissure-commissure dimen-
sions of the AML and the MA in the 5 groups with the ring
inserted and after ring release at ED and ES. In the control
state, the commissure-commissure dimensions of bothThe Journal of Thoracic and CarAML and MA decreased from ED to ES in all groups. Im-
plantation of the RSAR and GeoForm resulted in a signifi-
cant decrease of the commissure-commissure dimension of
the AML at ED, but not at ES compared with control. The
Physio and IMR-ETlogix rings significantly decreased the
commissure-commissure dimensions both at ED and ES.
The Cosgrove ring did not change the commissure-
commissure dimension of the AML at ED or ES. The
commissure-commissure dimension of the MA decreased
significantly with ring implantation in all 5 groups compared
with control. The percentage reductions in the commissure-
commissure dimension of the MA were similar for the Cos-
grove, RSAR, and GeoForm at ED (5%  6%,8% 
10%, 6%  6%, respectively) and ES (6%  6%,
8% 10%,7% 5%, respectively) and slightly greater
for the Physio (ED:19%  6%, ES:19%  5%) and
IMR-ETlogix (ED:20%  5%, ES:20%  5%). Al-
though annuloplasty rings abolished the decrease in the
MA commissure-commissure dimension from ED to ES in
all groups, the commissure-commissure dimensions of the
AML still became smaller from ED to ES with the ring
inserted in the Cosgrove, Physio, IMR-ETlogix, and
GeoForm, although not significantly so with RSAR.
Anterior Mitral Leaflet and Mitral Annular Shape
Figure 4, A shows the RMS values derived from the AML
markers at ES for all 5 ring groups without and with the ring
implanted. RMS values of the AML markers were identical
between the control state and with the ring implanted in all 5
groups; Figure 4, B shows the RMS values derived from the
MA markers at ES. Although implantation of the Cosgrove
band and RSAR did not change RMS values derived from
MA markers compared with control, these values became
significantly smaller with the Physio, IMR-ETlogix, and
GeoForm.diovascular Surgery c Volume 139, Number 5 1117
FIGURE2. Septal-lateral dimension of the anterior mitral leaflet and theMA of Cosgrove-Control and Cosgrove (A), RSAR-Control andRSAR (B), Physio-
Control and Physio (C), ETlogix-Control and ETlogix (D), and GeoForm-Control and GeoForm (E) with ring inserted (‘‘brick’’ pattern and black bars) and
after ring release (small dots andwhite bars) at ED (small dots and ‘‘brick’’ pattern bars) and ES (white and black bars). Data are mean 1 standard deviation.
AML, Anterior mitral leaflet; MA, mitral annulus; ED, end diastole; ES, end systole; CTRL, control; RSAR, rigid saddle-shaped annuloplasty ring. *P< .05.
Acquired Cardiovascular Disease Bothe et al
1118 The Journal of Thoracic and Cardiovascular Surgery c May 2010
A
C
D
FIGURE 3. Commissure-commissuredimensionof the anteriormitral leaflet and theMAofCosgrove-Control andCosgrove (A),RSAR-Control andRSAR(B),
Physio-Control andPhysio (C), ETlogix-Control andETlogix (D), andGeoForm-Control andGeoForm (F)with ring inserted (‘‘brick’’ pattern andblackbars) and
after ring release (small dots and white bars) at ED (small dots and ‘‘brick’’ pattern bars) and ES (white and black bars). Data are mean 1 standard deviation.
AML, Anterior mitral leaflet;MA, mitral annulus; ED, end diastole; ES, end systole; CTRL, control. RSAR, rigid saddle-shaped annuloplasty ring. *P< .05.
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FIGURE 4. RMS values derived from the AML (A) andMA (B) markers for all 5 ring groups with the ring inserted and after ring release at end-systole. Data
are mean 1 standard deviation. RMS,Root mean square; AML, anterior mitral leaflet;CTRL, control; RSAR, rigid saddle-shaped annuloplasty ring. *P<.05.
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This study measured, for the first time, the effects of dif-
ferent annuloplasty rings on AML and MA dimensions and
planarity in an in vivo experimental ovine model. Findings
were as follows: (1) The MA predominantly shortened in
the septal-lateral dimension during systole in the control
state, whereas the AML septal-lateral dimension did not
change from ED to ES. (2) All rings decreased both MA
septal-lateral and commissure-commissure dimensions at
ED and ES compared with control, whereas the Physio,
RSAR, IMR-ETlogix, and GeoForm only reduced AML
commissure-commissure dimensions at ED. The Cosgrove
did not affect AML dimensions. (3) Ring insertion abolished
the changes in MA dimensions (both, septal-lateral, and
commissure-commissure) during systole, although ring im-
plantation did not affect the decrease in the commissure-
commissure dimension of the AML from ED to ES.
(4) AML septal-lateral dimension did not change with
physiologically shaped rings at ES but was smaller with
IMR-ETlogix and GeoForm. (5) Cosgrove and RSAR did
not change annular planarity, whereas the Physio, IMR-
ETlogix, and GeoForm resulted in a more planar annulus.
In contrast with the ring effects on MA planarity, none of
the rings affected the planarity of the AML.Anterior Mitral Leaflet Decreases in the
Commissure-Commissure Dimension During Systole
Independently of Mitral Annulus Contraction
In accordance with previous marker studies, our study
found that theMA predominantly decreases septal-lateral di-
mension from ED to ES.17 In contrast, the AML decreases in
the commissure-commissure dimension but not in the septal-
lateral dimension. We found that annuloplasty ring implan-
tation abolishes the systolic decrease in the septal-lateral and
commissure-commissure dimension of the MA; however, as
in the control state, the AML dimensions still decreased1120 The Journal of Thoracic and Cardiovascular Surfrom ED to ES in the commissure-commissure dimension
in all 5 ring groups. These findings demonstrate that the sys-
tolic changes in AML dimensions are independent of MA
contraction.All Annuloplasty Rings Reduced Mitral Annulus
Septal-Lateral and Commissure-Commissure
Dimensions and Abolished Their Dynamics
Despite ‘‘true sizing’’ and ring implantation in healthy,
nondilated mitral annuli, implantation of any annuloplasty
ring resulted in a decrease in septal-lateral and commissure-
commissure mitral annular dimensions. As expected, the
GeoForm reduced the MA septal-lateral dimension to the
greatest extent (ED:44%  8%, ES:33%  9%) fol-
lowed by the IMR-ETlogix (ED:33%  6%, ES:24%
 8%); however, surprisingly, the fractional reduction in
septal-lateral MA dimension compared with control was sim-
ilar for the Cosgrove, RSAR, and Physio at ED (12%  7
%,16%  8 %, and18%  9%, respectively) and ES
(5% 7%,10% 7%, and12% 7%, respectively).
Whereas the Cosgrove and RSAR reduced the native mitral
annular septal-lateral diameter, these rings provided a greater
MA septal-lateral diameter compared with the Physio ring at
ED (þ6% andþ2%, respectively) and at ES (þ7% andþ2%,
respectively). Although the manufacturer claims a reduction
in the septal-lateral diameter of 41% with the GeoForm
ring compared with the Physio ring, the in vivo difference
in the amount of MA septal-lateral reduction of the GeoForm
compared with the Physio was less (26% at ED and 21% at
ES) in this experiment. A recent study performed in this lab-
oratory found that the fractional septal-lateral reduction data
provided by the manufacturer relates to the inner diameter
of the ring without the fabric sewing cloth for the Physio
and GeoForm. Therefore, it is reasonable to assume that the
outer diameter with cloth determines the postoperative dimen-
sions of the MA, not the inner diameter without cloth. This isgery c May 2010
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rings where we found that the septal-lateral reduction of the
GeoForm compared with the Physio was 24%  2% if the
outer septal-lateral dimension with cloth was measured.
Furthermore, becauseMA shortening is not expected to be
affected by the flexible Cosgrove band compared with the
control state, we speculate that the loss of MA contraction
may be due to the reduction of the MA diameters and not
due to the rigidity of the annuloplasty ring. We hypothesize
that implantation of larger bands might have preserved MA
dynamics, as demonstrated by Sharony and colleagues.18
Only Complete, Rigid Annuloplasty Ring
Implantation Reduced the Commissure-Commissure
Dimension of the Anterior Mitral Leaflet
Although all annuloplasty rings reduced MA dimensions
as described above, only the rigid complete RSAR, Physio,
IMR-ETlogix, and GeoForm rings (but not the partial
flexible Cosgrove band) decreased the AML commissure-
commissure. We are, however, currently not able to say
whether the changes observed are due to the rigidity of
the rings or their being complete rings. These data indicate
that if the effects of rigid complete annuloplasty rings on
AML dimensions are to be assessed using echocardiogra-
phy, primary attention should be paid to the AML
commissure-commissure dimension because this dimension
is predominately affected by the rigid ring implantation. Fur-
ther, the fact that changes in AML commissure-commissure
dimensions predominately occur at ED points out the impor-
tance of assessing changes in the commissure-commissure
dimension of the AML during diastole. Because implanta-
tion of the flexible Cosgrove band reduced MA dimensions
but did not affect AML dimensions and dynamics suggests
that Cosgrove least perturbed the physiologic configuration
of the AML among the 5 rings tested. Compared with con-
trol, the IMR-ETlogix and GeoForm resulted in reduction
of the AML septal-lateral dimensions at ES, which may
reflect the disproportional reduction of the septal-lateral
dimension associated with these rings.
The Mitral Annulus Became More Planar with the
Physio, IMR-ETlogix, and GeoForm Rings, But No
Annuloplasty Ring Affected Anterior Mitral Leaflet
Planarity
Comparedwith control, thePhysio, IMR-ETlogix, andGeo-
Form rings resulted in amoreplanar annulus atES,whereas the
Cosgrove andRSARdid not alterMA planarity at ES. Despite
the different designs and material properties of these annulo-
plasty rings and their effects onMA shape, none of these rings
changed the planarity of the AML at ES. We therefore con-
cluded that the MA shape does not directly translate to the
ES shape of the AML. It may, however, be speculated that
ring implantation changes the planarity of the posterior mitral
leaflet, as mentioned by Lancellotti and colleagues.19The Journal of Thoracic and CarClinical Inferences
Our findings have several clinical inferences. If echocardi-
ography is used to assess the effects of annuloplasty rings on
commissure-commissure AMLdimensions, attention should
be paid on measuring these dimensions at ED, because rigid
complete annuloplasty rings reduce AML commissure-
commissure dimensions compared with control primarily
at ED. If ring effects on septal-lateral leaflet dimensions
are assessed, this dimension should be measured at ED and
ES, because implantation of a ring with disproportionate
septal-lateral downsizing may reduce this dimension at ES
and, furthermore, amplify the changes in AML septal-
lateral dimension from ED to ES (eg, GeoForm). Because
all parametersmeasured can be assessed clinically, a compar-
ison between the effects of downsized, physiologically
shaped rings and disease-specific rings with a disproportion-
ate septal-lateral reduction on anterior leaflet geometry could
give further insight into the optimal ring design for patients
with functional/ischemic mitral regurgitation. Hypotheti-
cally, combining normally sized rings with a subvalvular ap-
proach may help to minimize the effects of ring downsizing
on leaflet geometry. Furthermore, the amount of MA septal-
lateral downsizing provided by the manufacturer for the
GeoForm ring refers to the Physio. Whereas in our study
the Cosgrove and RSAR reduced the MA septal-lateral
dimension compared with the control state at ED and ES
(see ‘‘Results’’), these rings provide a greater MA septal-
lateral diameter compared with the Physio at ED (þ6% vs
Physio andþ2% vs Physio, respectively) and ES (þ7% vs
Physio and þ2% vs Physio, respectively). The IMR-
ETlogix reduces the MA septal-lateral dimension compared
with the Physio by15% at ED and12% at ES, whereas the
GeoForm reduces the MA septal-lateral dimensions com-
pared with the Physio by26% at ED and21% at ES.
This degree of downsizing is, however, smaller than that
claimed by the manufacturer (41% vs Physio). Conse-
quently, these data may help the surgeon to more accurately
anticipate the extent of septal-lateral reduction of the MA
after an annuloplasty ring implantation. These data indicate
that a partial, flexible band may be preferred if the surgeon
aims to least perturb the dimensions, dynamics, and shape
of the AML.
Limitations
Several limitations should be addressed: First, annulo-
plasty rings are implanted in patients with mitral regurgita-
tion to prevent postoperative MA dilatation and maintain
valve competency. In our experimental setup, however, the
rings were implanted in healthy ovine hearts with nondilated
mitral annuli and normal LVs; caution, therefore, is neces-
sary when translating these findings to patients. Second,
the control data were acquired after the ring was released in
the catheterization laboratory. One may speculate that annu-
loplasty ring implantation could have affected the nativediovascular Surgery c Volume 139, Number 5 1121
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Dfunction of the MA. Our findings of MA septal-lateral and
commissure-commissure dimension values and changes
from ED to ES for the control state, however, correlate
well with previous data from control sheep that underwent
operation in our laboratory.6 Third, the brief episode of myo-
cardial ischemia (90 seconds) induced for a parallel study
between the ring state and the ring release may have affected
the results. Fourth, our study focuses on acute effects of an-
nuloplasty ring implantation on AML dimensions. The ques-
tion of whether ring implantation may have long-term effects
on mitral leaflet dimensions remains to be investigated.CONCLUSIONS
The 4 rigid complete annuloplasty rings (RSAR, Physio,
IMR-ETlogix, and GeoForm) reduce the AML commissure-
commissure but not the septal-lateral leaflet dimension at
ED. Only the IMR-ETlogix and GeoForm rings decrease
the AML septal-lateral dimension at ES, which may be a re-
sult of the disproportionate annular downsizing induced by
these rings. Although anterior mitral leaflet planarity did
not change with any of the rings tested, mitral annular pla-
narity was unperturbed by the Cosgrove and RSAR, but be-
came more planar with the Physio, IMR-ETlogix, and
GeoForm rings. Because alterations in mitral annular and
anterior mitral leaflet dimensions might alter the stress pat-
terns within the leaflets, this could in theory affect repair du-
rability. Echocardiographic assessment of such dimensions
may play an important role in the preoperative technical
planning and postoperative evaluation of mitral valve repair.
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